The low-energy magnetic excitations of the noncentrosymmetric heavy-fermion superconductor CePt3Si have been measured with inelastic neutron scattering on a single crystal. Kondo-type spin fluctuations with an anisotropic wave vector dependence are observed in the paramagnetic state. These fluctuations do not survive in the antiferromagnetically ordered state below TN = 2.2 K but are replaced by damped spin waves, whose dispersion is much stronger along the c-axis than in other directions. No change is observed in the excitation spectrum or the magnetic order as the system enters the superconducting state below Tc ≈ 0.7 K.
I. INTRODUCTION
The discovery 1 of unconventional superconductivity in the noncentrosymmetric heavy fermion compound CePt 3 Si has triggered a large amount of recent experimental and theoretical activity (for corresponding reviews, see Refs. 2 and 3, respectively). The main interest arises from the symmetry properties of the superconducting state. The lack of inversion symmetry leads to an antisymmetric spin-orbit coupling, which mixes spin singlet and spin triplet Cooper-pairing channels. 4 An outstanding question concerns the pairing mechanism of the superconductivity. Magnetism is an obvious candidate, 5, 6 since the Cooper pairs are formed by heavy quasiparticles. 1 We have therefore performed inelastic neutron scattering experiments to study the magnetic properties on a microscopic level of single crystalline CePt 3 Si. Our main findings are the following: Above the ordering temperature, quasielastic spin fluctuations with an anisotropic wave vector dependence are observed. In contrast to several other heavy-fermion systems, like CePd 2 Si 2 ,
7
CeIn 3 , 8 and UPd 2 Al 3 , 9 these spin fluctuations do not persist in the antiferromagnetically ordered state, where damped spin waves are the only low-energy excitations observed. No change is observed in the magnetic response as the system enters the superconducting state.
CePt 3 Si crystallizes in the noncentrosymmetric tetragonal space group P 4mm (#99) with room temperature lattice parameters a = 4.072 and c = 5.442Å. 10 Inversion symmetry is broken by the absence of a mirror plane perpendicular to the c-axis. The magnetic Ce atoms are in the 1(b) position at ( 1 / 2 , 1 / 2 ,0.1468) with 4mm point symmetry. Magnetic susceptibility measurements 1 give an effective moment (in the high-temperature limit) of µ eff = 2.54 µ B and a Curie-Weiss constant θ CW of -45 K (-75 K) for a magnetic field along the a-(c-) axis, 11 indicating dominating antiferromagnetic interactions. The anisotropy at low temperatures is small, of the order of 15%.
11 A relatively large mass enhancement is indicated by the linear term in the normal-state specific heat of 390 mJK −2 mole −1 , 1 while the Kondo temperature has been estimated to T K ≈ 10 K.
1,12
Long-range antiferromagnetic order sets in below the Néel temperature T N = 2.2 K.
1 Neutron diffraction measurements on single crystals show a magnetic propagation vector of k = (0, 0, 1 / 2 ). 13 The corresponding magnetic structure consists of sheets of ferromagnetically ordered moments aligned in the a-b plane with a moment of 0.16(1) µ B , which are stacked antiferromagnetically along the c-axis. 13 A likely magnetic structure is shown in Fig. 1 . Superconductivity occurs below T c = 0.75 K.
1 NMR 14 and µSR 15 measurements show that superconductivity coexists on a microscopic scale with longrange homogenous bulk antiferromagnetic order. The unconventional nature of the superconductivity is manifested in many measurements: The upper critical field, H c2 , is at least three times higher than the paramagnetic (Pauli) limiting field. On powder samples, H c2 ≈ 3. . The line is a guide to the eye. Critical magnetic scattering is observed between TN ≈ 2.5 K and about 3 K. The inset shows the specific heat divided by temperature at zero field (blue circles) and H = 2 T (red squares) of the bottom part of the CePt3Si crystal used for the neutron scattering measurements. Onset of superconductivity occurs at Tc = 0.7 K.
T, 1, 16, 17 while measurements on single crystals give 2.7 (3.2) T for H//a (H//c). 18, 19 The existence of line nodes in the superconducting gap has been inferred from measurements of the magnetic penetration depth, 20 specific heat, 2, 19 and thermal transport. 16 Measurements of the spin-lattice relaxation rate 1/T 1 also indicate line nodes at low temperatures. It is presently not clear whether 1/T 1 displays a coherence peak 14, 21 or not. 22 The Knight shift remains constant on entering the superconducting state.
17,22
There has been some discussion in the literature on the crystal field scheme. The J = 5/2 multiplet of the stable 4f
1 Ce 3+ ion splits in tetragonal point symmetry into three doublets. Neutron scattering measurements 12, 13 on powder samples show a broad magnetic excitation at about 16 meV and some intensity at or below 1 meV. If the broad excitation is interpreted as two peaks at 13 and 20 meV, the crystal-field level scheme is in agreement with entropy considerations. 12 In this work, we will adopt the level scheme of Ref. 12 which has a doublet ground state a| ± 5/2 + b| ∓ 3/2 with a = −0.59 and b = 0.81, a first excited state b| ± 5/2 − a| ∓ 3/2 at 13 meV, and a second excited state |±1/2 at 20 meV. The ground state doublet carries only a relatively small spin, which implies that the ordered moment is reduced due to crystal-field effects rather than Kondo screening.
II. EXPERIMENTAL
A cylindrical single crystal of diameter 6-7 mm, length 16 mm, and weight 7 g was grown in an image furnace. The crystal mosaic was 1.7
• . The sample was aligned with the b-axis (which was approximately parallel to the cylinder axis) vertical. Specific heat measurements on thin slices cut from the top and bottom of the single crystal used for the neutron scattering measurements show a pronounced anomaly at T N = 2.2 K signaling the antiferromagnetic transition. The onset of bulk superconductivity occurs at T = 0.7 K (see inset of Fig. 2 ). Neutron scattering measurements were performed on the cold neutron triple-axis spectrometers IN12 and IN14 at the Institut Laue-Langevin and on 4F1 at the Laboratoire Léon Brillouin. Pyrolytic graphite (002) was used for the vertically curved monochromator and for the doubly focused analyzer. A liquid-nitrogen cooled Be filter was used to reduce higher-order contamination. Measurements were performed with a fixed final wave vector k f as given in Table I , where the corresponding energy resolution is also stated. Data were corrected for higherorder contamination in the beam monitor.
Our neutron scattering measurements at zero energy transfer confirm the antiferromagnetic ordering vector k = (0, 0, 1 / 2 ). The temperature dependence of the magnetic Bragg peak intensity is shown in Fig. 2 . No anomaly in the measured intensity is observed at the superconducting transition. Since the magnetic phase transition is second-order (see Fig. 2 ), representation analysis can be used to classify possible magnetic structures. We find that symmetry-allowed magnetic structures are collinear with the moments either along the c-axis or (somewhere) in the a-b plane. The presence of magnetic reflections along the c-axis, such as Q = (0, 0, 1 / 2 ), shows that the moments are in the a-b plane. However, due to the formation of so-called S-domains, it is not possible to determine the direction of the spins in the a-b plane using neutron scattering, unless an unequal domain population can be induced. Assuming the same structure as proposed by Metoki 13 and shown in Fig. 1 , we find from the integrated intensities of the four magnetic Bragg peaks in the (h0l) scattering plane accessible in configuration B that the ordered moment is 0.17(5) µ B , in excellent agreement with Ref. 13 .
Our inelastic neutron measurements show the presence of damped spin waves below T N and quasielastic spin fluctuations above T N . We will discuss these low-energy excitations in the following two sections. We use the 
where Q is the total wave-vector transfer, τ a reciprocal lattice vector, k the magnetic ordering vector, and q = (h, k, l) is the wave vector with respect to the magnetic zone center.
III. SPIN WAVES BELOW TN
In the antiferromagnetically ordered phase, damped spin waves are observed. Measurements were performed in configurations A-E of Table I . The dispersion was measured along the main symmetry directions and additionally along a few off-symmetry directions, using a combination of energy and Q scans. Typical scans are shown in Fig. 3 . Q scans were fitted by a sum of two Gaussian functions while energy scans were fitted using a damped harmonic oscillator (DHO), 23 which was convoluted (in one dimension) with a Gaussian resolution function of width as specified in Table I . The spin waves are damped already at the magnetic zone center and the damping increases with increasing q. The peak position of the DHO was used as spin-wave energy. The resulting spin-wave dispersion is shown in Fig. 4 . There is in general a good agreement between energy and Q scans for the determination of the dispersion, although a small discrepancy can be seen, in particular along the l-direction. This is probably due to the simplified treatment of the spin-wave damping. Measurements on different instruments are also in general good agreement. We find no evidence for a gap in the spin-wave dispersion. From Q scans performed with high resolution (configuration D in Table I ), the spin-wave gap is smaller than 0.1 meV, which is well below the gap of 0.23 meV inferred from specific-heat measurements.
12 However, the specific-heat measurements are stated to also agree with a gapless dispersion.
12
Most of the measurements of the spin waves were performed in the superconducting phase at T < 0.1 K. Additional measurements at T = 0.8 K, i.e. in the normal conducting and antiferromagnetically ordered state, did not reveal any additional broadening or change of the spin-wave energy (see e.g. Fig. 3 ). Measurements at even higher temperatures, T = 1.4 K, give the same spinwave energy as low-temperature measurements. Above the magnetic ordering temperature, no evidence of spin waves or any other relatively well-defined excitations was found in the energy range investigated (E < 5 meV). Instead, broad quasielastic scattering of Kondo-type spin fluctuations were observed (see Fig. 3b ), which are discussed in section IV.
Since the splitting of the crystal-field levels (∼10 meV)
12 is large compared to the spin-wave energies (∼ 1 meV), the dispersion of the latter can be calculated from the exchange-split crystal-field doublet ground state. In the absence of an observed gap in the spin-wave dispersion and in view of the collinear magnetic structure, we neglect single-ion anisotropy as well as anisotropic exchange, in which case the dispersion relation for a twosublattice commensurate antiferromagnet is
where J(q) = r J(r) exp(−iq · r) and the exchange integrals J incorporate the squared matrix element of the crystal-field ground state. The principal exchange integrals J 1 -J 5 that enters Eq. (1) are shown in Fig. 1 . In a simplest approach, only J 1 and J 3 are needed. Stability criteria for the magnetic structure with k = (0, 0, 1 / 2 ) then require J 3 < 0 and J 1 > 0. In view of the stronger dispersion along the c-direction, it is clear that |J 3 | > |J 1 |. However, the steep dispersion along [h00] near the magnetic zone center compared to the relatively small zone-boundary energy means that further exchange integrals in the basal plane are needed. In the spin-wave calculation, we have therefore included J 6 and J 7 , taken to be along the adirection corresponding to 2 and 3 units cells, respectively. Least-square fits of the spin-wave dispersion (1) to the data, shown as lines in Fig. 4 , leads to the follow- , and J 7 = 0.017 (1) . Since the exchange is governed by the oscillatory RKKY interaction, a large number of exchange integrals is not unexpected. However, some comments are in place. To describe the dispersion along high-symmetry directions, the minimal set of exchange interactions is J 3 << 0, J 4 < 0, and J 7 > 0. The dispersion along the [h00] direction is further improved by introducing J 6 > 0 in addition to J 7 . Measurements along off-high-symmetry directions in the (h0l) plane require in addition J 1 < 0 or J 2 < 0. We also performed measurements out of the (h0l) plane by tilting the crystal (configuration C of Table I ). To describe the dispersion here, shown in the rightmost panel of Fig. 4 , both J 1 and J 2 are needed, with 0 > J 2 > J 1 .
While it would be tempting to compare the present exchange integrals with the oscillatory behavior of the RKKY interaction with distance, the complicated and anisotropic multi-band Fermi surface 25 makes such a comparison meaningless. Also, such calculations have not yet been confirmed experimentally, as de Haas van Alphen measurements on CePt 3 Si have not been able to locate the dominant Fermi surfaces.
19,25
The Curie-Weiss temperature can in a simplistic approach be expressed as θ CW = 
IV. SPIN FLUCTUATIONS ABOVE TN
Above T N , the spin waves are replaced by spin fluctuations, which were measured in configuration F of Table I. At temperatures just above T N , critical magnetic scattering related to the thermal fluctuations driving the second-order phase transition was observed: this scattering decreased with increasing temperature and disappeared above T = 3 K. At higher temperatures, quasielastic scattering related to Kondo-type spin fluctuations was observed. At T = 3.75 K, we studied the q dependence of the spin fluctuations in the vicinity of the antiferromagnetic propagation vector k = (0, 0, 0.5). Typical scans are shown in Fig. 5 . The data were well described by a quasielastic Lorentzian,
where the imaginary part of the dynamic susceptibility, χ ′′ (q, ω), is related to the observed neutron scattering intensity S(Q, ω) via χ
, where f (Q) is the magnetic form factor. The data were corrected for background, measured with the analyzer turned by 10
• , and the Lorentzian was convoluted with the instrumental resolution. The wave vector dependence of the fitted line width Γ q and the static susceptibility χ ′ q (after correction for the magnetic form factor) of Eq. (2) are shown in Fig. 6 . The spin fluctuations are more strongly correlated along the c-axis than in the basal plane, as seen from the rapid decay of χ ′ q along l. The data were fitted to (see Fig. 6b )
where the first term is the standard Fermi-liquid susceptibility (α is h or l) and the second term is a constant, possibly related to interband contributions. We find the inverse correlation length κ h = 0.09(3) and κ l = 0.040 (8) r.l.u. along the a-and c-axes, respectively, which corresponds to an anisotropy in Q space of a factor of 2. The energy scale of the quasielastic spin fluctuations, given by Γ q , increases with q, and with a much higher rate along the c-axis. We find that the product χ ′ q Γ q is constant, in agreement with other heavy-fermion compounds as well as with theory. 26 We note that the q-averaged Γ q , which is of the order of 1 meV at T = 3.75 K, leads to a linear contribution to the specific heat of a few hundreds of mJK −2 mole −1 , in qualitative agreement with the measured value of 390 mJK −2 mole −1 . In a simple approach, it is possible to correlate the quasielastic line width Γ q of the low-energy Kondo spin fluctuations with the exchange integral J(q). Kuramoto 26 has shown that the product of the line width and the susceptibility is constant, i.e. χ (RPA),
one finds that
We take the product χ 
V. DISCUSSION
The dynamic magnetic response of heavy-fermion systems at low temperatures is characterized by Kondo-type quasielastic spin fluctuations with a characteristic energy scale Γ q (T), which increases with increasing temperature and is minimal at wave vectors q where the exchange J(q) is maximal, i.e. at wave vectors corresponding to incipient magnetic order (see e.g. Ref. 27) . Surprisingly, it has been found in several heavy fermions that the spin fluctuations persist into the magnetically ordered phase, where they coexist with collective spin waves. Examples are CePd 2 Si 2 , 7 CeIn 3 , 8 and UPd 2 Al 3 . 9 The two Ce compounds have quite similar properties to CePt 3 Si, with a first excited crystal field level at 12-19 meV, an exchange of ∼0.4 meV, and an ordering temperature of ∼10 K. It is therefore somewhat surprising that in CePt 3 Si, the spin fluctuations do not persist into the antiferromagnetically ordered phase. The low-energy magnetic response of CePt 3 Si is thus characterized by damped spin waves below T N and quasielastic spin fluctuations above.
A rather large number of heavy-fermion superconductors (HFSC) have been studied since the initial discovery of CeCu 2 Si 2 .
28 A crucial question is whether there is a microscopic connection between the superconductivity and the magnetism. Many of the promising candidates to reveal such a coupling are superconducting only under pressure, which has seriously hampered their study with inelastic neutron scattering. We will therefore only discuss the rather limited number of heavy fermions that are superconducting at ambient pressure.
In the archetypal HFSC CeCu 2 Si 2 , it has been shown that magnetic order and superconductivity are mutually exclusive on a microscopic scale 29 and that a spatial separation might occur. Two separate features appears to be characteristic for the superconducting state: (i) Shortrange elastic correlations close to k afm and (ii) a gap ofhω 0 = 0.2 meV in the quasielastic spin-fluctuation spectrum. 30 Both of these features disappear above the superconducting transition temperature of T c = 0.6 K. The ratio of the gap energy to the transition tempera-
CeCoIn 5 is a heavy-fermion superconductor with T c = 2.3 K and no long-range magnetic order.
31 Inelastic neutron scattering measurements have shown the appearance of a sharp resonance peak at an energy ofhω 0 =0.6 meV in the superconducting state, with a correlation length of about 10Å. 32 The resonance is replaced by quasielastic spin fluctuations with a characteristic energy of Γ ≈ 1 meV in the normal state. The value ofhω 0 /(k B T c ) is of the order of 3.
UPd 2 Al 3 is a heavy fermion (γ = 210 mJK −2 mole −1 ) where superconductivity (T c ≈ 1.9 K) coexist with antiferromagnetic order (T N = 14.3 K). 33 Below T N , spin-waves coexist with quasielastic spin fluctuations. The latter develops a gap of 0. 36 Assuming that the ratiohω 0 /(k B T c ) is in the range of values 2.2-4 observed in other HFSC (see above), one would expect an excitation gap (or a resonance) of the order of 0.2 meV in CePt 3 Si. As shown in Fig. 3 , there is no indication of a gap of this size opening in the spinwave dispersion. However, in the three examples discussed above, where the magnetic excitation spectrum is modified at T c , it is the low-energy quasielastic response which is subject to a transfer of spectral weight. The absence of a significant quasielastic signal below T N may actually preclude the observation of such an effect in CePt 3 Si. Theoretical work show that the dynamic susceptibility in the superconducting state is determined by both the symmetry of the order parameter and the geometry of the Fermi surface. 40, 41 In this context, the mixed s-and p-wave superconductivity of CePt 3 Si appears as a much more complicated case than e.g. CeCoIn 5 (d-wave) and UPd 2 Al 3 (AF s-wave) and would require further theoretical attention.
VI. CONCLUSION
We have shown by inelastic neutron scattering measurements on single crystalline CePt 3 Si that the magnetically ordered state is characterized by damped spin waves with quite strongly anisotropic exchange interactions. In contrast to some other heavy-fermion systems, there is no evidence of spin fluctuations in the ordered state. Above T N , Kondo-type spin fluctuations are observed, with an anisotropy in Q that reflects the anisotropy in the exchange integrals, assuming a simple RPA scenario. We have not observed any change in the magnetic order or in the magnetic excitations (in terms of a gap or a resonance) as CePt 3 Si enters the superconducting state. This may be related to the absence of quasielastic scattering in the magnetically ordered phase.
